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OutlineOutline

• Why is heavy-quark physics interesting?
• The BaBar experiment: a quintessential modern B factory
• Measurements and what they tell us:

– The simplest processes: semileptonic and leptonic decays and the 
magnitudes of CKM elements

– Rare B decays, penguins, and searches for direct CP violation
– Mixing in the neutral B meson system
– Time-dependent CP asymmetries from the interference between 

mixing and decay

• Conclusions and prospects 
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Why Is Heavy Quark Physics Interesting?Why Is Heavy Quark Physics Interesting?
1. What is the origin of CP violation?

– SM predicts very large CP asymmetries in the B meson system 
arising from the interference between B0-B0 mixing and decay

– The currently operating B factories are performing a 
comprehensive set of measurements to determine whether CP
asymmetries in the B system are consistent with SM predictions
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Why Is Heavy Quark Physics Interesting? (2)Why Is Heavy Quark Physics Interesting? (2)
2. Measure the rates for relatively simple processes to extract 

the magnitudes of the CKM matrix elements. 
– In the SM, semileptonic decays are simple tree diagrams with no 

interference effects.
• |Vcb| and |Vub| are determined from semileptonic decays, while |Vtd| and |Vts| 

can be determined from B0-B0 and Bs-Bs mixing and b−>t−>s(d) penguins
• Measurement of the magnitude of a CKM element requires significant 

theoretical input based on an understanding of the decay dynamics

MQqqqqQ VlXMB τγν 2
'' ||)( theory=→
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3. Search for the effects of new physics in a variety of sensitive rare 
processes with loops.

– Electroweak- and hadronic-penguin decays; D0-D0 mixing, etc.

4. Understand the complicated interplay between the underlying weak 
processes and strong interaction effects

– Measure and understand meson decay constants, semileptonic decay form factors, 
patterns of hadronic decays

– Impressive theoretical developments: heavy-quark effective theory (HQET), lattice 
QCD calculations, etc.

Why Is Heavy Quark Physics Interesting? (3)Why Is Heavy Quark Physics Interesting? (3)

All of these goals are closely related!
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Weak Phases and Weak Phases and CPCP ViolationViolation

CP Violating Phase (φ2) without CP
Asymmetry

CP Violating Phase with CP Asymmetry
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Need processes in which the CP conserving phase δ2 is well understood!

What conditions do we need to produce CP asymmetry?
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The The CKM CKM Matrix and Matrix and Unitarity Unitarity TriangleTriangle

• Unitarity + remove unphysical quark 
phases => 4 independent parameters 
in SM with 3 generations

• Wolfenstein: A, λ, η, ρ
• 6 unitarity triangles: all have same 

area ~ JCP = A2ηλ6, but the CP
asymmetries aren’t the same!

• Column 1 x (Column 3)* gives 
standard triangle; all sides Ο(λ3)
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Constraints on the Constraints on the Unitarity Unitarity TriangleTriangle

1) 

Get Vub from B −> Xu lν
2)  From B0 mixing:

3) ε from CP violation in Κ system (the
term from intermediate tt states)
4). Bs mixing is useful because it allows
to reduce the uncertainties on |V td|
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Producing Producing BB Mesons Using Mesons Using ee++ee-- −−>Υ>Υ(4S)(4S)
• The Υ(4S) is just above threshold 

for producing BB pairs, so there is 
no accompanying particles

• σ(e+e- −>Υ(4S)) ~ 1.05 nb
• σ(e+e- −> qq) ~ 3 nb (q = u,d,s)

• BB production is a substantial fraction of the total hadronic cross section. 
Hadron machines have a much higher bb cross section (~ 50 µb), but this is 
a tiny fraction (~ 10-3) of the total hadronic rate 

• pB ~ 325 MeV in Υ(4S) rest frame
• BB events have spherical topology (unlike Z −> bb), while continuum events 

are jet-like
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BB00BB00 Production at AsymmetricProduction at Asymmetric--Energy Energy CollidersColliders

• The purpose of having asymmetric beam energies is to boost the B0B0

system relative to the lab frame.

• By measuring ∆z, we can follow time-dependent effects in B decays

e+e- −> Υ(4S)
βγ = 0.56

B0, zCP

B0, ztag

∆z

CP-eigenstate Flavor tagging
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ee++ee-- storage ring atstorage ring at SLACSLAC

• The e+e- storage ring (PEP-II) at 
SLAC had to be updated to introduce 
the second ring, the low energy ring 

– The low energy ring was one of the most 
technically challenging storage rings ever 
created

• Electron ring finished in 1997
• Positron ring finished in 1998
• First collisions on July 23, 1998!

parameter e+ ring
energy (GeV)

total current (A)

3.1 9.0

2.14 0.9

top luminosity (cm-2s-1) 4.51 x 1033

e- ring

Υ(4S)

e+e-

Υ(4S)

e+e-
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PEPPEP--II: Spectacular Performance!II: Spectacular Performance!

Run1

Run2a

Run2b

Luminosity is defined as

A

fnNN
L Bee

⋅⋅⋅
=

−+

where: 
• Ne- is the number of e-/ bunch 
• Ne+ is the number of e+/ bunch
• nB is the number of bunches
• f  is the  overlap frequency
• A is the area of the beam

The recorded luminosity is a 
measure of how much data we get
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The The BaBar BaBar DetectorDetector

DIRCDIRC quartz barsquartz bars
CsICsI Electromagnetic Electromagnetic 
Calorimeter (EMC)Calorimeter (EMC)

DIRC DIRC 
StandStand--off boxoff box

Drift Chamber (Drift Chamber (DCHDCH))

SuperconductingSuperconducting coil (1.5 T)coil (1.5 T)
Instrumented Instrumented 
Flux Return (Flux Return ( IFRIFR))

Silicon Vertex Tracker (Silicon Vertex Tracker (SVTSVT))
ee-- 9.0 9.0 GeVGeV

ee++ 3.1 3.1 GeVGeV

6.3 m6.3 m

6.5 m6.5 m
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BaBar BaBar Silicon Vertex TrackerSilicon Vertex Tracker
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Overview of Overview of BB and and DD Decays and OscillationsDecays and Oscillations
• In B decays, b −>c transitions are 

dominant, but even they are 
suppressed by |Vcb| ~ 0.04

• Leptonic decay branching 
fractions are much lower for B, D
than π, Κ because Γtot~mb

5

• Largest B branching fraction: 
B(B −> D*lν) ~ 5%

• Hadronic decays: interference 
between internal and external W
diagrams makes τ(D+)  >> τ(D0)

• In hadronic B decays, the 
interference has opposite sign, but 
there is very little effect on the 
lifetimes: τB+ ~ τB0.
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Leptonic Leptonic BB decaysdecays
• Leptonic decays provide a clean way to probe the strong interactions 

that bind the quark-antiquark system in the initial state meson M

• Matrix element ~ (hadronic current x leptonic current), where hadronic 
current ~ decay constant 

– Decay const measures amplitude for Q and q to have zero separation

• Measuring decay constants is interesting because they can be 
compared with increasingly precise QCD calculations, and because 
they are needed to extract certain CKM matrix elements.

Q

q

M W* l

νl

VQq
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Semileptonic Semileptonic BB decaysdecays
• Semileptonic decays are much simpler than 

hadronic decays.  Strong interaction effects 
are important, but

– They are isolated to the hadronic current
– Their effect can be rigorously parametrized by 

form factors (Lorentz-invariant functions of q2 = 
(qB - qD)2)

• b −> clν processes are dominant and are 
much easier to understand than b −> ulν

– Reliable theoretical normalization for b −> clν at 
zero recoil (Heavy-Quark Effective Theory)

– Rates for b −> ulν are much harder to predict, 
event at small recoil of the daughter hadron, and 
they have a much larger range of hadronic recoil 
velocities
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Rare Rare hadronic hadronic BB decaysdecays

• Branching fractions ~10-4-10-6

• Expectations:
– B −> ππ dominated by b −> u transition
– B −> Κπ dominated by gluonic penguin
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KaonKaon--pionpion separation with theseparation with the DIRCDIRC
• Measurement of the Cherenkov angle θc = cos-1(1/βn)

• Kaon threshold ~500 MeV/c

Κ−π separation in σ
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Direct Direct CPCP violationviolation
• Conceptually, one of the simplest ways to study CP violation is to compare the decay 

rates Γ(P −> f) and Γ(P −> f).  Measure asymmetry:

• This type of CP violation can be observed only if there are both CP-violating and CP-
conserving phases.

– E.g., in B −> Κπ, there are tree and penguin contributions

)()(
)()(

fPfP
fPfP

A
→Γ+→Γ
→Γ−→Γ

=

So far, no evidence for direct CP violation in these decays
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MeasuringMeasuring sin2sin2αα
• The decay B0 −> π+π- is also interesting because in principle it can be 

used for measuring sin2α
0 0

0 0
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Why it's not quiteWhy it's not quite sin2sin2αα……
• Unlike J/ψ KS, π +π − mode suffers from significant pollution from 

the penguin diagrams with a different weak phase

– To estimate αeff – α, we need:
• P/T ratio – about 1/3 from BR(B → Kπ)/BR(B → ππ)
• δ = strong phase difference between P and T

b u
u

d

W

ubV

effsin 2α
b u

u

d

W

T = Tree P = Penguin

g
tbV *

tdV
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Taming penguinsTaming penguins

Belle BR×106BABAR BR×106Mode

• Take advantage of the isospin symmetry

T C PT C Pα α α= ⋅ + ⋅ + ⋅A

b u
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Measuring Measuring γγ with with BB−− −−>> DD00ΚΚ−−

Vcb

V*us

B- B-

K-

D0

D0

K-

Vub

V*cs

Color-SuppressedColor-Allowed

• Experimentally difficult:
– Decay diagram suppressed by a factor 10 with respect to the favored B- → D0 π- :

• DIRC is very important for distinguishing between the two decay modes!

– D0 CP decay modes are Cabibbo suppressed and have small branching
fractions, so need a large data sample.
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Rare Rare radiative radiative processesprocesses
• Rare B decays that can only proceed via loop diagrams in the Standard Model are 

sensitive to new physics
– New, heavy, supersymmetric particles can appear in the loops!

– B −> K(*)l+l-

– B −> K*γ (ργ)

C.L.) (90% 109.2)(

C.L.) (90% 105.0)(
6*

6

−−+

−−+

×<→

×<→

llKBBr

lKlBBr

So far, no sign of new physics -- but need to keep looking with  more data!

C.L.) (90% 082.0)(170.0 * <→<− γKBACP
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6
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−
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γρ

γρ
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• Mixing between a pseudoscalar meson P0 and its antiparticle can be described in terms of 
an effective hamiltonian matrix:

• Diagonalizing H gives mass eigenstates as linear combinations of P0 and P0

• Γ12 describes  P0 −> f −> P0 via on-shell intermediate states
• M12 describes P0 −> f −> P0 via off-shell intermediate states
• CP violation in mixing can arise from interference between on-shell and off-shell amplitudes
• In the B system, Γ12 is small; mixing is dominated by ∆M

– In Bs system, Γ12 is large because both Bs and Bs can decay into Cabibbo-flavored states

MixingMixing
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CPCP Violation in Neutral Violation in Neutral BB DecaysDecays

• B0B0 mixing is dominated by off-shell intermediate states; gives a single weak phase
• To measure CP asymmetry, need common final state.  Measure

• Although CP asymmetries are large, useful modes (e.g., B0 −> J/ψ Ks
0) have 

relatively small branching fractions.  Need very large data samples: 30 M to 50 M BB 
events or more.  For B0 −> J/ψ Ks

0

))(())((
))(())((

00

00

ftBftB
ftBftB

(t)A
CPf →Γ+→Γ

→Γ−→Γ
=

)sin(2sin Mt(t)A
CPf ∆−= β
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Specifics for Specifics for ΥΥ(4S)(4S)

• Due to correlated time evolution in Υ(4S) 
−> B0B0, the asymmetry reverses sign 
when tCP - ttag reverses sign.  This forces 
the time-integrated asymmetry to vanish.  
So we must measure time-dependent CP
asymmetry => vertexing is critical!

• Tagging of initial state: use lepton and 
kaon from other B meson

b −> l-, b −> c −> s

• Need excellent particle ID: e,µ, Κ, π, both 
for tagging and reconstruction of CP final 
state

• The mode B0 −> J/ψ Ks
0 is a “golden 

mode” because of its theoretical simplicity 
and strong experimental signature.
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One of One of BaBar’s BaBar’s “Golden Events”“Golden Events”
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BaBar’s BaBar’s Current Measurement ofCurrent Measurement of sin2sin2ββ
sin2β = 0.75 ± 0.09 (stat) ± 0.04 (sys)

The sin2β measurement does not indicate new physics
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Conclusions and ProspectsConclusions and Prospects
• Leptonic decays are barely seen (Ds only)
• We are just beginning to map out b −> ulν, to understand their 

dynamics, and to measure |Vub|
• Hadronic rare decays are being explored.  It’s still possible to observe 

direct CP violation in such modes.
• Much remains to be learned about radiative penguin modes.
• Charm physics still has a lot to teach us.  We need to continue 

focusing on D0D0 mixing
• sin2β measurements are becoming precise.  No sign of new physics 

found yet.
• Will see much improved measurements of sin2α and sin2γ in the next 

few years


